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Abstract The synthesis of pyrrolidinium pentaborate(1-) and four substituted pyrrolidinium pentaborate(1-) salts from B(OH)3 
in aqueous solution are salts are reported. Characterization (IR, NMR, single-crystal XRD) of [(2-HOCH2CH2)C4H7NH2] 
[B5O6(OH)4]0.3H2O is described in detail. The cation is the largest of the five pyrrolidinium cations studied. A consequence of 
this is that its solid-state structure has anion-anion interactions () which are different from the other four () 
structures. There are also stabilizing cation-anion H-bond interactions. 
Keywords  Pentaborate(1-); H-bonds; Pyrrolidinium; X-ray structure; Oxidoborate 




 Pentaborate(1-) salts, [NMC][B5O6(OH)4], are often prepared from the reaction of organic 
bases with B(OH)3 in aqueous solution, where the protonated organic base is a non-metal cation 
(NMC).1  Occasionally, salts containing rarer anions e.g. three to fifteen B atoms, have also been 
obtained.2-9  In basic aqueous solutions, B(OH)3 forms a dynamic combinatorial library (DCL) of 
polyborate anions whose concentrations are pH and boron concentration dependent.10-11 
Recently, we noted from DFT calculations (gas-phase)12 on the relative stabilities of the 
polyborate anions that the pentaborate(1-) anion is not the most stable and yet despite this, 
[NMC][B5O6(OH)4] salts are readily formed. Strong anion-anion H-bond interactions are present 
in [NMC][B5O6(OH)4] salts and these we believe are responsible for their facile formation. 
Herein, we report the synthesis of several pentaborate(1-) salts partnered with substituted 
pyrrolidinium cations, explore steric effects of the cation, and describe in detail the synthesis of 
the salt [(2-HOCH2CH2)C4H7NMeH][B5O6(OH)4] (1). 
 
RESULTS AND DISCUSSION 
 Synthesis and characterization 
 The pyrrolidinium pentaborate salts [(2-HOCH2CH2)C4H7NMeH][B5O6(OH)4]0.3H2O (1), 
[(2-HOCH2)C4H7NH2][B5O6(OH)4]0.5H2O (2), [C4H8NMeH][B5O6(OH)4]0.5CH3COCH3 (3), 
[C4H8NMe2][B5O6(OH)4] (4), and [C4H8NH2][B5O6(OH)4] (5), were all prepared in high yields 
from the reaction of the free base (1-3, 5), or quaternary amine hydroxide salt (4), with B(OH)3 
in a 1:5 molar ratio. Characterization data including single-crystal XRD structural analyses for 
salts 2-5 have been recently been reported elsewhere.13 
 Characterization data14 (IR, NMR) obtained for 1 were in agreement with those previously 
reported for related pyrrolidinium and other non-metal cation pentaborate salts. 1H and 13C NMR 
spectra (obtained in D2O) were fully consistent with those expected for the cation, with the NH, 
OH and BOH protons overlapping and represented by a broad singlet at ~4.7 ppm due to rapid 
exchange. Three characteristic signals at ~17, 13 and 1 ppm were observed in 11B NMR spectra, 
obtained in concentrated aqueous solutions (D2O), which are assigned to B(OH)3/[B(OH)4]
-, 
[B3O3(OH)4]
- and the 4-coordinate centre of [B5O6(OH)4]
-, respectively.15 These species are 
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observed due to the complex borate equilibria observed in aqueous solution.11,16  The IR 
spectrum of 1 clearly shows the diagnostic band16 of pentaborate salts at ~925 cm-1.  
 
X-ray structure of [(2-HOCH2CH2)C4H7NMeH][B5O6(OH)4]  
    The crystallographic data for compound 1 is given in a footnote17 with full details given in the 
supplementary data.18 The ionic salt is comprised of the expected (2-hydroxyethyl)-N-methyl-
pyrrolidinium(1+) cation, partnered with a pentaborate(1-) anion, as shown in Figure 1. The 
cation was found to be disordered over multiple sites with three significant positions of 
occupancy identified (4:3:3 ratio) and one of which also included a solvated water molecule. All 
the disordered versions of the pyrrolidinium ring have an envelope conformation with both 
substituents equatorial. The bond lengths and internuclear angles observed within the boroxyl 
(B3O3) rings of the pentaborate anions of 1 are within the ranges observed for previously 
reported [NMC][B5O6(OH)4] structures.
1,6,15,16 The bond lengths and internuclear angles also lie 
within the ranges found in related boroxole (B3O3) structures containing both 3- and 4-coordinate 
B centres bound to O.19 
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Figure 1 The structure of [(2-HOCH2CH2)-C4H7NMeH][B5O6(OH)4] (1), showing the atomic numbering scheme. 
    Structure 1 possesses a giant H-bonded anionic lattice, with the substituted pyrrolidinium 
cations (and the H2O) sitting within the cavities of the lattice. The anions arrange themselves in a 
series of ‘planes’ (Figure 2) H-bonded together via R2
2(8) reciprocal pair interactions21 to ααγ 




Figure 2 Anionic lattice of 1 viewed along the a axis; the [(2-HOCH2CH2)C4H7NMeH]+ cations sit H-bonded 
within the cavities of the lattice. The R22(8) reciprocal- H-bond interactions are shown in blue. 
    The anions of the H-bonded lattice are in a different arrangement to that observed for 3-5 that 
have a familiar  ‘brickwall’ structure.1,15 It is interesting to compare the structures of 
compounds 1 with 4 and 5. The brickwall structure is sufficiently flexible to accommodate 
cations of variable sizes (within limits). e.g. the N,N-dimethylated pyrrolidinium cation in 4 has 
the same structure as the unsubstituted cation in 5, despite a formula unit increase in volume of 
13.3%.13  The formula unit volume of 1 has increased by a further 10.3% compared to 4, as a 
consequence of the larger substituted cation. This, we believe, is responsible for switching the 
structure from the brickwall to the  arrangement. In this structure three strong reciprocal-
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bonds (-21 kJ mol-1) are maintained and the H-bond energy for a reciprocal- interaction is the 
same as that of a C(8) -chain (-16 kJ mol-1).13 The cation in 1 is also ‘non-innocent’ and cation-
anion H-bond interactions e.g. N11H11…O4’, N11H11…O9’, and O11H11B…O8’, further 




    The synthesis and crystal structures of pyrrolidinium pentaborate(1-) and 4 substituted 
pyrrolidinium pentaborates are reported.  The larger cation present in 1 is unable to fit into the 
brickwall structure and as a result 1 adopts a similar but different anionic lattice of comparable 
energy. The solid-state structure of 1 is further stabilized by cation-anion H-bond interactions. 
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